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The present article elucidates one-pot synthesis of Cs salt of iron substituted phosphomolybdate, its character-
izations and application for styrene hydrogenation. The synthesized material was characterized by elemental
analysis, TGA, FT-IR, FT-Raman, ESR, XPS and XRD. A detailed study was carried out for maximum conversion of
styrene to ethylbenzene by optimizing different parameters such as solvent, catalyst amount, hydrogen pressure,
time and temperature. The catalyst shows high efficiency (99% conversion) with low catalyst amount (5 mg, Fe:
0.02 mol%), EtOH: water (1:1) as green solvent, low pressure (5 bar) in EtOH: H,O aqueous medium at room
temperature only. The catalyst was easily recycled by simply centrifugation and reused for up to two cycles
without any leaching or degradation. The present method is highly sustainable and green with no waste gen-
eration (E-factor = 0) with high Reaction mass efficiency (100%) as well as 100% atom economy. The role of
water was confirmed by an isotope labeling experiment using D20 as a solvent and a mechanistic study was
investigated by ESR.
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As mentioned in general introduction, transition metal substituted
phosphomolybdate is most important due to its unique redox properties [1-4].
A literature survey shows that reports are available on first row 3d transition
metals i.e.,, V [1, 5-10], Mn [2-4, 11, 12], Fe [7, 13-17], Co [2-4, 7, 11, 12, 15, 18-20],
Ni [3, 4, 11, 15, 18, 20], Cu [11, 18, 20-22] and Zn [11] substituted
phosphomolybdates and on catalytic activity for oxidation (styrene, alcohol
and phenol), oxidative desulfurization and dye degradation reactions.
Amongst all, Fe is found to the best candidate as it is very cheap, naturally

abundant, non-toxic and has unique magnetic properties [23, 24].

In 2001, Mizuno et al. first time reported the synthesis of CssHiPMo11FeOsy,
Cs15Fe05PMo012040, and Cs2(NHa)2PMoi15Fe0s039, at pH 4.4 from PMo1204o
using lithium carbonate, followed by the addition of Fe(NO3)3.9H20O [13]. The
synthesized complex was characterized by X-ray fluorescence, TGA, FT-IR,
BET and XRD and its catalytic efficiency was evaluated for selective oxidation
of isobutene.  Further in 2004, Mizuno group  synthesized
Cs2.8H12PMo11Fe(H20)O0390.6H20 at pH 4.3 using the same method which was
reported earlier and characterized by EDX, TGA, FT-IR, 3P NMR, ESR and
XRD [14]. Its catalytic activity was evaluated for oxidative dehydrogenation of

2-propanol.

In 2009, Rabia group reported the synthesis of (NH4)sHPMo11Fe(H20)Oz9
from H3POs, (NH4)2Mo0207 and Fe(NOs)3 in which pH was maintained by using
sulfuric acid and synthesis was carried out at 0 °C to avoid formation of 6-
molybdometalate and NHsNO3 were added to precipitate of the complex and
characterized by various analytical methods such as Elemental analysis, FT-IR,
DRS, 3P NMR and XRD [15]. The catalytic activity of the synthesized complex
was evaluated for the oxidation of propene. Later, in 2015, Wang et al. reported
the synthesis of NasPMo11FeOs by adjusting pH 6 of phosphomolybdate
solution using NaHCOj3, followed by the addition of iron nitrate solution and

characterization by some basic techniques such as FT-IR and UV-Visible
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spectroscopy [16]. The synthesized complex was studied for its inhibitory effect
on mushroom tyrosine and as a preventive measure against the peroxidation of

fresh-cut fruits and vegetables.

In 2017, Rahimi et al. synthesized CssH2PMo11FeOs0.6H2O using the same
method reported by Mizuno group [14] and its catalytic efficiency was
evaluated for selective adsorption of methylene blue dye form a mixture of
organic dyes (methylene blue, methyl orange, and rhodamine-B)[17]. In 2019,
Wang group studied the inhibition effect of a-glucosidase using transition

metals (Fe, V and Co) substituted phosphomolybdate as inhibitors.

Thus, a literature survey shows that there is neither detailed characterization
data for PMo11Fe nor any report available on hydrogenation of styrene using
PMoz11Fe even though the resulting product plays a pivotal role in the current
chemical industries for triggering a wide range of substrates commonly used in
the production of either intermediates or finished products. Hydrogenated
product, ethylbenzene has been used in gasoline, paints, inks, insecticides,

carpet glues [25, 26].

In this context, the present chapter describes one-pot synthesis of cesium salt of
iron substituted phosphomolybdate and its detailed characterization by
various techniques such as elemental analysis, TGA, FT-IR, Raman
spectroscopy, ESR, XPS, 3P MAS NMR and Powder XRD. Catalyst efficiency
was evaluated for styrene hydrogenation in aqueous medium/ neat water
under mild conditions using molecular H> as a reducing agent. Various
parameters like catalyst to substrate ratio, pressure, solvent, time and
temperature have been optimized for maximum % conversion. Also,
heterogeneity test, recycling and reusability were studied under optimized
conditions. The regenerated catalyst was characterized by EDX, FT-IR, Raman
Spectroscopy and XPS to confirm the stability of the catalyst. Green chemistry

matrices were calculated and catalytic activity of the present catalyst was also
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compared with reported iron-based catalysts. The possible reaction mechanism

was investigated by ESR spectroscopy and DO NMR study.
EXPERIMENTAL

Materials

All chemicals used were of A.R. grade. Phosphomolybdic acid (HsPMo1204),
iron nitrate [(Fe(NOs)3).9H20], Cesium chloride (CsCl), Sodium bicarbonate
(NaHCQO:3), styrene and dichloromethane (DCM)/ ethyl acetate were obtained

from Merck and were used as received without further purification.

Synthesis of iron substituted phosphomolybdate

Cs salt of iron substituted phosphomolybdate was synthesized by the reported
method [14] with some modifications, especially lithium carbonate is replaced
by sodium bicarbonate. HsPM12040 (1.825 g, 1 mmol) was dissolved in a
minimum quantity of water and pH= 4.3 was maintained by the addition of
saturated sodium bicarbonate (NaHCO3). The obtained solution was heated at
80 °C with stirring and to this, a saturated solution of Fe(NO3)3.9H2O
(Fe(NOs)s: 0.404 gm, 1 mmol) in water, was added. The final pH of the
resulting mixture was maintained at 4.3 by adding saturated NaHCO3 solution,
refluxed at 80 °C for 1 h and filtered hot. To this (filtrate), saturated CsCl (5
mmol, 0.8418 gm) solution was added and obtained yellow color precipitates
were filtered, washed with water, dried at room temperature and designated as

PMo11Fe (Scheme 1). The filtrate was used for estimation of molybdenum.
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ﬁ

CsCl m";“

Cs:[PMo,,05,Fe (H,0)].5H,0

Reflux at 80°C,
pH43,2h

Scheme 1. One-pot synthesis of PMo1:1Fe

Catalytic activity

Hydrogenation of styrene was carried out in the high pressure autoclave. The
reaction vessel was charged with 10 mmol of styrene, 50 mL of ethanol: water
(30:20 mL) as a solvent and 5 mg of catalyst. The presence of air in the unfilled
space of the reactor vessel was removed by purging with H» gas several times.
Finally for the reaction, 5 bar H> pressure was applied and set at 30 °C for 3 h
with a stirring rate of 500 rpm. The progress of the reaction was demonstrated
by a continuous decrease in pressure inside the reactor. After completion, the
reaction mixture was cooled to room temperature and then H> pressure was
released from the vent valve. The organic layer was extracted using
dichloromethane, while the catalyst was collected from the junction of the
liquid phases and finally recovered by centrifugation. The organic phase was
dried with anhydrous magnesium sulfate and analyzed by a gas
chromatograph (Shimadzu-2014) using a capillary column (RTX-5). The
products were confirmed by comparison with the standard samples while
conversion, selectivity, TON and TOF were calculated using equations given in
general introduction. The schematic representation of catalytic methodology is

represented in scheme 2.

Page | 70



Chapter 1 Fe substituted...

ﬁ
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Scheme 2. Schematic illustration of the styrene hydrogenation reaction

Results and discussion

Please note that for PMoiiFe, we have not synthesized Fe nano particles because
reduction of Fe(3+) to Fe(0) requires high pressure, temperature and time. Under these

conditions, PMo11 gets reduced with decomposing Keggin unit.
Characterization

Cesium salt of iron substituted phosphomolybdate was isolated and the
remaining solution was filtered. The filtrate was analyzed for molybdenum
gravimetrically [27]. The observed proportion of Mo in the filtrate was 5%,

which corresponds to the loss of one equivalent of Mo from H3PMo012040.

Energy-dispersive X-ray mapping (EDX) shows (Figure 1) the presence of Cs,
P, Mo, Fe and O in the synthesized materials. The observed EDX values of the
elements (Cs:25.88%, P:1.27%, Mo:41.39%, Fe:2.08%, 0:28.97%) were well
consistent with the that of the calculated values (Cs:25.99%, P:1.21%, Mo:
41.28%, Fe:2.18%, O:28.79%). Further, ICP-AES analysis also confirmed that the
P (1.36%), Mo (42.19%) and iron (2.75%) contents were present in synthesized

material, which is in good agreement with the calculated one.
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Figure 1. EDX mapping of PMo1:Fe

Thermogravimetric analysis (TGA) shows (Figure 2) an initial weight loss of
2.5% up to 100 °C, which is attributed to loss of adsorbed water. Further, 1.3%
weight loss is observed between 150 - 350 °C because of water of
crystallization. No other significant weight loss indicates that the synthesized

material is stable up to 500 °C. Based on the total weight loss, the number of

X[M+18n]

water molecules was calculated using the formula 18n = where, n =

number of water molecules, X= % loss from TGA and M = molecular weight of

substance, is 5. From elemental and thermal analysis, the proposed formula of

the complex is Css|[PMo11039Fe(H20)].5H20.
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Figure 2. TGA curve of PMoyiFe
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The FT-IR spectra of PMo12, PMo11, and synthesized PMo11Fe are showed in
tigure 3. The FT-IR spectrum of PMo12 showed the characteristic stretching
vibration bands at 1060 cm, 965 cm™1, 870 cm! and 790 cm™! corresponding to
Vs P-Oa, Vas M0o=0t and vas M0-Op-Mo and vas Mo-Oc-Mo stretching vibration
respectively [4, 28]. The FT-IR spectra of PMo11 showed characteristic splitting
of P-O stretching bands at 1064 and 1045 cm! which indicate the formation of a
lacuna by removing one Mo=0Ox unit [4]. Also, it shows all other characteristic
bands at 871 cm! corresponding to vas Mo-Op-Mo stretching and 791 cm!
corresponding to vas Mo-O.-Mo stretching vibrations. Similarly, the FT-IR
spectra of PMo11Fe showed splitting in the P-O band at 1070, and 1041 cm-! and
other bands at 964 cm1 (Mo=0x), 873 cm™ (Mo-Op-Mo), and 783 cm (Mo-Oc-
Mo) respectively. The observed slight shift may be due to the distortion
introduced by Fe on replacing Mo=0O:. Also, it shows one additional band at
516 cm! for Fe-O stretching frequency. Obtained results are in good agreement

with reported ones [13-17].

0% Transmittance
=

2000 1600 1200 800 400
Wavenumber (cm™)

Figure 3. FT-IR spectra of (a) PMo1z, (b) PMo11, and (c) PMoiFe
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Table 1. Raman data of PMo12, PMo11 and PMo1iFe

Catalyst ~ Mo=0¢ Mo-Op-Mo  Mo-O-Mo Mo-O,  Oa-P-Oa

vs1005,
PMOlZ Vas 916 Vas 620 Vas 251 -
Vas 987
vs947,
PMOll Vas 891 Vas 550 Vas 217 Vas 355
Vas 932
vs947,
PMOllFe Vas 904: Vas 603 Vas 223 Vas 367
Vas 928

Raman spectra of PMoiz, PMo11 and PMoiiFe shown in figure 4 and Table 1.
Where PMo12 (Table 1 and Figure 4b) shows stretching vibrations at 1005, 987,
916, 620 and 251 cm! corresponding to vs Mo=0y, Vas M0o=0Oy, vas M0-Ob-Mo, Vas
Mo-Oc-Mo and vas Mo-Oa respectively. PMo1 shows characteristic bands at 947
cm! (vs Mo-Oy), 932 cm! (vas Mo-Oy), 891 cm! and 550 cm! (vas Mo-Op-Mo), 355
cm! (Vas Oa-P-Oa) and 217 cm? (vs (Mo-Oa) respectively [29, 30]. Similarly,
PMo1Fe (Figure 4b) show intense bands at 947 and a shoulder at 928 cm! due
to the symmetric (vs) and asymmetric (vas) of Mo=0Ox respectively, sharp and
broad bands at 904 and 603 cm-! corresponding to vas Mo-Ob-Mo, and band at
223 cm! corresponding to vas Mo-Oa stretching vibration, similar to PMons.
Bands observed at 367 cm! corresponding to vas Oa-P-Oa (central tetrahedral
POs) stretching indicates that the Keggin unit remains intact. However, the
observed slight shifting for PMoi11Fe may be due to the insertion of Fe into

lacuna by removing one Mo.
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Figure 4. Raman spectra of (a) PMo1, and (b) PMo1 Fe

31IP MAS NMR of PMoi2 and PMo1iFe were carried out to understand the
chemical environment around the phosphorus after insertion of Fe in to lacuna
and purity of the synthesized catalyst. 3IP MAS NMR of PMo12 show (Figure 5)
intense peak at -3.815 ppm which is in good agreement with reported one [14].
Whereas 3P MAS NMR of PMo11Fe was (Figure 5) found to be silent due to
insertion of Fe into the lacuna and formation of paramagnetic species (P-O-

Fe3*) [14, 31].

PMo;,
PMo,, Fe

-3.815

-100 -80 -60 -40 20 O 20 40 60 80 100
Chemical shift (ppm)

Figure 5. 31P MAS NMR of (a) PMoi, and (b) PMoi:Fe
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The full range (5000-2500 G) X-band liquid nitrogen temperature ESR
spectrum for PMo11Fe is presented in figure 6. PMo11Fe gives a single hyperfine
spectrum with an isotropic signal, at g=4.3, assigned to Fe(Ill) with distorted
octahedral geometry and it integrated (incorporated) with phosphomolybdate
in high-spine (3+ state) [14]. The spin state of Fe(Ill) was confirmed by
magnetic moment which was found to be 5.67 ps, and is in good agreement
with theoretically calculated value and this also confirms that Fe in high spine
state [31].

2500
2000 -
1500 -
1000 - g=43

500 -

Intensity

-500 -
-1000 -
-1500

50 150 250 350
Gauss (T)

Figure 6. ESR spectra of PMoiiFe

The chemical state of the PMoi2 and PMonFe was investigated by X-ray
photochemical spectroscopy (XPS). The XPS of PMo1> was well reported and it
shows two significant binding energy peaks at 233.4 and 236.5 eV, which
corresponds to 3ds/2 and 3ds/2 energy levels respectively and the peak at 134.2
eV attributes to 2P energy level of P [32-34]. The XPS of PMoFe (Figure 7)
show intense peaks at binding energy level for Mo®* as two doublets were
observed; i) at 233.6 and 235.9 eV corresponding to 3ds/2 and 3ds/2 energy level
i) at 397, and 416 eV respectively for 3ps/2 and 3p1/2 energy level [35, 36]. The
intense binding energy peak at 724 eV corresponding Fe2pi,2 energy level,
conforming the presence of Fe3* [35, 36]. The low intense peak at 134.5 eV

corresponding to 2p energy level of P. The obtained result indicates that there
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was no significant changes in the binding energy of Mo and P, which confirms
that only one MoO unit has been replaced by iron in PMo11Fe. Two additional
high intense peaks at 532 eV and 724 eV are attributed to Ols and Cs3ds,>,
respectively [37, 38]. All found values are in good agreement with the reported
one, confirming the presence of Fe and Mo in 3+ and 6+ states respectively in

the synthesized complex.

Fe3*
\A

= O1s 2pyy %) Cs
% Mo®* 1 3dg,
g 3d5/2, 3d3/2, 3p3p, 3P
=

/5]

c

v

=)

[=}
(==

0 100 200 300 400 500 600 700 800

Binding Energy (eV)

Figure 7. XPS of PMoq1Fe

The Powder XRD patterns of PMo12 and PMor1iFe are presented in figure 8. The
XRD patterns of PMo12 (Figure 8a) showed all characteristic peaks in the range
of 15° to 35° of 20 [14]. A distinct shift in 20 value of PMo1 (Figure 8b) from 25-
35° is observed due to the formation of lacuna by removing one Mo=0 unit.
Similarly, the PMo1iFe XRD pattern (Figure 8b) shows all the characteristic
peaks of Keggin unit, with slight shift peaks at 18.34°, 23.88°, 27° and 30.28°
due to Fe incorporation with PMo11 [14, 17]. The above studies show that

Keggin unit remains preserved even after Fe in the corporation.
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Figure 8. Powder XRD spectra of (a) PMo1», (b) PMo1: and (b) PMo1Fe

Therefore, FT-IR, Raman, powder XRD confirms the incorporation of iron into
lacuna by replacing one MoO unit while XPS and ESR spectroscopy confirms

the presence of Fe in a 3+ state with high spin and paramagnetic in nature.
Catalytic activity

Styrene hydrogention in aqueous medium:

The catalytic activity of PMonFe was evaluated for styrene hydrogenation
(Scheme 2). Effect of various reaction parameters such as substrate-catalyst
ratio, solvent, time, temperature, and hydrogen pressure were studied to

obtain maximum conversion.
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Table 2. Effect of solvent

Solvent Amount (mL) % conversion
H>O 50 70
MeOH 50 89
EtOH 50 99
CH3CN 50 20
MeOH : H2O 20:30 64
EtOH : H,O 20:30 90
CH5CN : H2O 20:30 54

Reaction conditions: catalyst (25 mg), styrene (10 mmol), H> Pressure (5 bar), solvent (50 ml),

temperature (30 °C) and time (3 h).

As our main objective is to use environmentally benign solvents for the
reaction, in the present study we have screened H.O, MeOH, EtOH and
CH3CN as solvents and obtained results are shown in table 2. MeOH and EtOH
showed high %conversion (89% and 99% respectively), which may be due to
their reducing nature as compared to H2O (70%) and CH3CN (20%), because of
their oxidizing nature. Reactions were also carried out using binary (aqueous
medium) solvent systems such as MeOH: H>O (1:1.5) and EtOH: H2O (1:1.5),
and a decrease in conversion as compared to neat solvent was observed. This
may be due to the dilution effect which decreases their reducing nature.
Interestingly, CH3CN: HO resulted in the rise of conversion from 20 to 54% as
the addition of water decreased, the amount of CH3CN in the system. Also, the
dispersion of styrene in MeOH, EtOH, H>O and CH3CN is different, which can
lead to the diffusion problem and then affect the styrene conversion. Based on
these results, the reaction was optimized using EtOH: H2O solvent and the
results are showed in table 3. Amongst, 1.5: 1 ratio of EtOH: H.O gave

optimum 99% conversion.
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Table 3. Effect of EtOH: H>O ratio

Solvent % %
C2HsOH : H2O (mL)  Conversion  Selectivity
50 : 00 99 100
30:20 99 100
25:25 91 100
20:30 90 100
00:50 70 100

Reaction conditions: Catalyst (25 mg), styrene (10 mmol), H> Pressure (5 bar), temperature (30
°C) and time (3 h).

The amount of catalyst was optimized by varying from 25-5 mg, keeping all
other parameters constant to obtain maximum conversion (Table 4). It is very
interesting to note that there was no change in %conversion on lowering the
catalyst amount up to 5 mg, however, from 25 -5 mg, TON number increased
substantially from 1005 to 5031 from 25-5 mg indicating that 5 mg of the

catalyst is active enough to achieve 99% conversion with single selectivity of

ethylbenzene.
Table 4. Effect of catalyst amount
Catalyst % %0
TON
Amount (mg) Conversion  Selectivity

25 99 100 1005
20 99 100 1256
15 99 100 1675
10 99 100 2513
5 99 100 5031

Reaction conditions: Styrene (10 mmol), H> Pressure (5 bar), EtOH: H>O (30: 20 mL),
temperature (30 °C) and time (3 h).

The obtained results (Table 4) may be due to the problem of inappropriate

stirring of the reaction mass, observed by slurry formation [39] and there is
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possibility that the reaction may be prone to mass transfer limitations. Hence

the reaction was carried out by varying mole of styrene and keeping the

catalyst amount constant (Table 5).

Table 5. Effect of catalyst to styrene ratio

Styrene % %
(mmol) Conversion  Selectivity TON
10 99 100 5031
15 83 100 6326
20 69 100 7012
25 49 100 6224
50 13 100 3302

Reaction conditions: Catalyst (5 mg), H> Pressure (5 bar), EtOH: H,O (30: 20 mL), temperature

(30 °C) and time (3 h)

As seen from the table 5, % conversion has decreased with increasing mole of

styrene which confirms that the reaction rate is proportional to concentration of

styrene and there is no mass transfer [40]. This is further confirmed by varying

catalyst amount and by keeping moles of styrene constant, as shown in table 6.

It was observed that % conversion and TON number increased with the

increase in catalyst amount. From both table 5 and 6, reaction rate is governed

by truly chemical step. Based on this result, 5mg catalyst was selected for 10

mmol of styrene for further optimization of other parameters.
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Table 6. Effect of catalyst amount

Catalyst % %0
TON
Amount (mg) Conversion  Selectivity

5 13 100 3303
10 25 100 3174
15 A1 100 3723
20 63 100 3998
25 81 100 4113

Reaction conditions: Styrene (50 mmol), H> Pressure (5 bar), EtOH: H>O (30: 20 mL),
temperature (30 °C) and time (3 h)

Influence of hydrogen pressure on the reaction was screened from 3-5 bar
(Figure 9a). The obtained results show that with increase in pressure, rate of %
conversion was also increased from 54 to 99% linearly. Hence, the reaction is
first order with respect to Hx pressure which is in good agreement with
reported one [41]. The optimum 99 % was achieved at 5 bar of H» pressure and

it is used as an optimized reaction pressure for further study.

The effect of temperature on the reaction was also evaluated from 30-50 °C with
an interval of 10 °C and obtained results are shown in figure 9b. No increase in
conversion with temperature was found and hence 30 °C temperature was

optimized.

Finally, reaction time was optimized by varying the reaction time from 1 to 3 h
(Figure 9c) and keeping all other parameters constant to obtain maximum
conversion. The obtained result show (Figure 9c) that with increasing time up
to 3h, the % conversion was also increased, which is in good agreement with
well-known fact that with increase in time, increase in formation of reactive
intermediates from reactants which is further converted into products. The
maximum conversion (99%) was obtained in 3h. Therefore, 3 h was optimized

for the reaction.
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Figure 9. Optimization of reaction parameter for aqueous medium styrene hydrogenation.
Reaction conditions: (a) Effect of pressure- catalyst (5 mg), styrene (10 mmol), EtOH: H>O (30:
20 mL), temperature (30 °C) and time (3 h); (b) Effect of temperature- catalyst (5 mg), styrene
(10 mmol), EtOH: H>O (30: 20 mL), H> Pressure (5 bar) and time (3 h); (c) Effect of time- catalyst
(5 mg), styrene (10 mmol), EtOH: H20 (30: 20 mL), H» Pressure (5 bar) and temperature (30 °C)

The optimized conditions for maximum, 99% conversion are: catalyst (5 mg),
active amount of Fe (0.02 mol%), styrene (10 mmol), substrate /catalyst ratio
(5081), EtOH: H>O (30:20 mL), H> pressure (5 bar), time (3 h), temperature (30
°C), TON (5031).

The gas chromatograph of optimized conditions for aqueous medium is shown

below in figure 10.
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Figure 10. Gas chromatograph of styrene hydrogenation in aqueous medium

Styrene hydrogention in neat water

In an aqueous medium, the solvent study shows that in neat water 70%
conversion was obtained, which is very interesting as so far iron based catalyst
gets deactivated in the presence of neat water in the hydrogenation reaction.
Therefore, it was thought to carry out a detailed study for styrene
hydrogenation. Various parameters such as substrate to catalyst ratio, Ha
pressure, time and temperature have been studied to achieve maximum

conversion.

The amount of catalyst was screened from 10-25 mg to achieve maximum
conversion as shown in figure 11a. Obtained results show that conversion is
increased with an increase in the amount of the catalyst from 10-25 mg and
then it becomes almost constant It is observed that the TON number decreases

with an increase in the amount of catalyst due to the increase in number of
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active sites, responsible for blocking. Looking at the maximum activity, the

catalyst amount was optimized to 25 mg.
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Figure 11. Optimization of reaction parameter for neat H>O styrene hydrogenation. Reaction
conditions: (a) Effect of catalyst amount- styrene (10 mmol), H> Pressure (5 bar), H-O (50 mL),
temperature (30 °C) and time (3 h); (b) Effect of pressure- cataalyst (25 mg), styrene (10 mmol),
H>O (50 mL), temperature (30 °C) and time (3 h); (c) Effect of temperature- cataalyst (25 mg),
styrene (10 mmol), H>O (50 mL), H> Pressure (5 bar), and time (3 h); (d) Effect of time- cataalyst
(25 mg), styrene (10 mmol), H>O (50 mL), H> Pressure (5 bar) and temperature (30 °C).

Other parameters such as H> pressure, time and temperature were also varied

(Figure 11b-d) to achieve the maximum activity.

The optimized condition for maximum 70% conversion are: catalyst amount
(25 mg), active amount of Fe (0.1 mol%), styrene (10 mmol), substrate /catalyst
ratio (1015), Ha pressure (5 bar), time (3 h), temperature (30 °C), water (50 mL)
and TON (710).

The gas chromatograph of optimized reaction conditions for neat H>O is shown

in figure 12.
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Figure 12. Gas chromatograph of styrene hydrogenation in neat water

Table 7. Effect of solvent on % conversion

Catalyst %
Catalyst Solvent TON
amount Conversion
aEtOH: H>O
5 99 5013

(aqueous medium)

PMo1Fe
25 bNeat H.O 70 710

aReaction conditions for aqueous medium: Catalyst (5 mg; Fe: 0.02 mol%), styrene (10 mmol),
Hb> pressure (5 bar), time (3 h), temperature (30 °C), EtOH: H>O (30: 20 mL).
bReaction conditions for neat water: Catalyst (25 mg; Fe: 0.1 mol%), styrene (10 mmol), H»

pressure (5 bar), time (3 h), temperature (30 °C), H>O (50 mL).

From the table 7, it is interesting to note that in both solvent systmes (aqueous
medime and neat H>0) good % Conversion was achived and therefore chemist

can select either one depending on his/her requirement. In the present study,
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we have selected an aqueous medium from the viewpoint of minimum used

amount of the catalyst (5 mg), % conversion (99%) and higher TON (5013).

Control experiments

To investigate the role of individual components, a control experiment was
performed without H», without catalyst, using Fe(NOs3)s with the active amount
of Fe and with the active amount of PMo11 under optimized reaction conditions
and results are shown in table 8. There was no conversion found, when the
reaction was performed without H> pressure and without catalyst under
identical reaction conditions, which indicates that H> and catalyst both are
essential for the reaction progress. Both Fe(NOj;); and PMon gave low
conversion in an aqueous medium and water medium. From these results, it
can be confirmed that Fe of PMounFe is responsible for the maximum

conversion.

Table 8. Control experiments

Catalyst % 2Conversion % PConversion
Without H» - -
Without catalyst - -
Fe(NOs)s 36 28
PMo11 10 6
PMo1iFe 99 70

aReaction conditions for aqueous medium: Catalyst (5 mg; Fe: 0.02 mol%), styrene (10 mmol),
Hb> pressure (5 bar), time (3 h), temperature (30 °C), EtOH: H>O (30: 20 mL).
bReaction conditions for neat water: Catalyst (25 mg; Fe: 0.1 mol%), styrene (10 mmol), H>

pressure (5 bar), time (3 h), temperature (30 °C), H>O (50 mL).
Hot filtration and heterogeneity test

As the catalyst is heterogeneous, the leaching of Fe from lacuna was
investigated by hot filteration test. The test was carried out by simply
centrifuging the catalyst between the reactions in both cases. In both the

reactions, the first reaction was carried out for 1h, the catalyst was removed by
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centrifugation, and then the resulting filtrate was allowed to react up to 3 h.
After completion of the reaction, the organic phase was extracted by
dichloromethane and analyzed by Gas chromatogram. In both the cases, the
obtained results (Table 9) show that after removal of the catalyst, there was no
significant change in % conversion, which display that there was no leaching of
Fe during both reactions. This study indicates that catalyst is truly

heterogeneous to be recycled and reused.

Table 9. Hot filtration test

Catalyst % 2Conversion % PConversion
44 26
(after 1 hour) (after 1 hour)
PMo11Fe
45 27
(after 3 hour) (after 3 hour)

aReaction conditions for aqueous medium: Catalyst (5 mg; Fe: 0.02 mol%), styrene (10 mmol),
H; pressure (5 bar), time (3 h), temperature (30 °C), EtOH: H>O (30: 20 mL).
PReaction conditions for neat water: Catalyst (5 mg; Fe: 0.1 mol%), styrene (10 mmol), H>

pressure (5 bar), time (3 h), temperature (30 °C), water (50 mL).

Regeneration and recycling studies

Sustainability is the key issue for any catalytic process and the same recovery
and reusability tests were performed for the present catalyst. After completion
of the reaction, the catalyst was regenerated by simple centrifugation and the
organic phase was extracted by dichloromethane. The regenerated catalyst was
washed with dichloromethane followed by subsequent washes with distilled
water and finally dried in air to reuse for the next catalytic run under
optimized conditions. In both the cases (in aqueous and net water medium)
obtained results show (Table 10) that there is no significant change in
conversion up to two-cycle. This indicates that the catalyst is stable and can be

reused essential for the progress of a reaction.
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Table 10. Recycling studies

Catalyst a/b% Conversion a/b TON
PMoz Fe 99/70 5031/710
Recycle - 1 99/69 5031/709
Recycle - 2 98/69 5031/709

aReaction conditions for aqueous medium: Catalyst (5 mg; Fe: 0.02 mol%), styrene (10 mmol),
Hs pressure (5 bar), time (3 h), temperature (30 °C), EtOH: H>O (30: 20 mL).
PReaction conditions for net water: Catalyst (5 mg; Fe: 0.1 mol%), styrene (10 mmol), H

pressure (5 bar), time (3 h), temperature (30 °C), water (50 mL).

Characterization of regenerated catalyst

The regenerated catalyst PMo11Pd was characterized by EDX, FT-IR, ESR and

XPS analysis for the confirmation of the catalyst structure retention.

For regenerated PMonFe, EDX values (Cs: 26.00%, P: 1.21%, Mo: 41.28%, Fe:
2.18%, O: 28.79%) and ICP values (P: 1.31%, Mo: 42.40%, Fe: 2.54%) are in good
agreement with a fresh one, indicates that there was no leaching of Fe during
the reaction. EDX mapping shows (Figure 13) the presence of Cs, P, Mo, Fe and

O in the regenerated catalyst.

Spectrum 1

D 1 2 3 4 5 6 7 8 9 10
ull Scale 1674 cts Cursor: 0.000 keV

Figure 13. EDX mapping of regenerated -PMoi1Fe

The FT-IR spectrum of fresh and regenerated catalysts are shown in figure 14.
An almost identical spectrum was found without any significant shift in the

bands of regenerated PMo11Fe as compared to the PMo11Fe, indicates that the
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structure of the catalyst remains unchanged even after regeneration. However,
in terms of intensity, the spectrum is slightly different from the fresh one. This
could be due to sticking of the substrates on the surface of the catalyst,

although this may not be significant when the catalyst is reused.

")
]
:
= (a)
=
1)
L=
E
H
= (b)
2000 1600 1200 800 400

Wavenumber (cm™)

Figure 14. FT-IR of (a) Fresh PMo1:Fe and (b) Regenerated PMo1:Fe

From figure 15, it is seen that ESR spectra of regenerated PMo11Fe give a single
hyperfine spectrum with an isotropic signal, observed at g=4.3, which is
identical with fresh catalyst, PMoi1Fe. The obtained result indicates that the

catalyst remains intact even after regeneration.
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Figure 15. ESR spectra of Regenerated PMo1:Fe
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The XPS of regenerated PMo11Fe is shown in figure 16. The obtained spectrum
shows intense peaks at 234, 236, 397 and 416 eV which corresponds to 3d and
3p energy level of Mo(VI) and also shows the intense peak at 724 eV which
corresponds to 2p energy level of Fe(Ill). The obtained spectrum is identical
with the fresh one (Figure 7) indicating the sustainability of the catalyst.

Fe*2p,,
" C53d3/2
e

Mo®* Ols
3ds;, 3d3,, 3P30,3P12 ¢

N\

0 100 200 300 400 500 600 700 800 900
Binding Energy (eV)

Intensity (¢/s)

Figure 16. XPS of of Regenerated PMoiiFe
Mechanistic investigation

Fe catalyzed styrene hydrogenation proceeds through two different possible
mechanistic pathways: i) by chemisorption (by Fe(Ill) reduced to Fe (II)) and ii)
by physisorption (by adsorption-desorption) [42, 43]. To know the mechanistic
pathway with the present catalyst, control experiments, as well as the reaction,
carried out under N> pressure and D>O as solvent were also performed. i)
Control experiments show (Table 8) that the Fe is the only active species and H>
pressure is also essential for the progress of a reaction. ii) Reaction was carried
out under Nz instead of H> to confirm the necessity of H> and the role of water
during the reaction. The obtained result (no conversion) shows (Figure 17a)
that H> is also essential for reaction progress and water acts as a solvent. iii)
Further, to confirm the role of water as solvent or proton transfer agent during

the reaction, the reaction was carried out in D20 instead of H.O (Figure 17b).
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The absence of the deuterated product in TH NMR (Figure 17c) indicates that

the hydrogen was directly transferred from the H» gas rather than water.

(@)
/
PMonFe
N, Pressure
EtOH: water
30°C,2h
Styrene Ethylbenzene
(b)
H
H H
H H H
/ H D H
D H
PMOllFe
H, Pressure +
D,0, 30°C,2h
(©)

i A L AJL

o -
o<
.
w-
N4
-

o4
3

T T
10 9 8 7
Ei

Figure 17. (a) reaction under N pressure, (b) reaction in D>O and (c) 'H NMR of reaction
carried out in DO

Further, to confirm any change in the oxidation state of Fe 3+ responsible for
chemisorption, ESR spectra of the catalyst after quenching of reaction at1 h, 1.5

h and 2 h were carried out. The ESR spectra of catalyst obatined after 1 h, 1.5h

Page | 92



Chapter 1 Fe substituted...

and 2 h (Figure 18) are similar with that of the fresh one, which confirms that
no chemisorption takes place and the reaction proceeds through physisorption

pathway.

Intensity (a.u.)

50 100 150 200 250 300
Gauss (1)

Figure 18. ESR spectra of (a) fresh catalyst, (b) after 1 h, (c) after 1.5 h and (d) after2 h

From the above evidences, the possible adsorption-desorption mechanism of
styrene hydrogenation is proposed in scheme 3, which is similar to the one as
reported earlier by Corma group [42]. In this, first H> gets adsorbed on Fe-OH:
(green colour) and Mo=0-H site followed by heterolytic cleavage. Styrene gets
adsorbed on catalyst surface at hydroxyl assisted Mo=0O-H site. After that, the
generated Fe-H hydride was transferred to a double bond of styrene followed
by the transfer of H* from Mo=0-H to form ethylbenzene. Finally, the resulting

desired product, alkane (ethylbenzene) gets desorbed and the active site of the
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catalyst gets regenerated for further hydrogenation. We are expecting the same

mechanism for an aqueous system (EtOH: H2O).

H
./’ S\ A
J? » . ) 2 Vd )
o T H, adsorption > \N’\ » \'/.
4 4 = 4K
rb\

ﬁ — (
Ethylbenzen H, dissociation é v
desorption and and styrene = Fe
catalyst regeneration adsorption

@ =Mo

( |\) | @ = O (oxygen of PMoy,,)
H H
oH A .‘?’. H / @ = O (Fe-OH,)

? 2
'/“‘/ /. Hydrogenation 4 J/ /. @® =H (FG-OHg)
{ “of styrene /

Scheme 3. Plausible mechanism of styrene hydrogenation.

Viability of the catalyst

To see the viability of the catalyst, hydrogenation of various substrates were
carried out under optimized conditions and the obtained results are shown in
table 11. The catalyst shows appreciable reactivity towards styrene derivatives
with a good conversion rate. However, the observed low % conversion for the
planar and non-planar cyclic alkene may be due to the difficulty to approach
the catalytic active site during the reaction and could increase the conversion in
harsh conditions. Whereas, tha catalyst was totally inactive for the levilinic acid
hydrogenation under optimized condition because hydrogenation of carbonyl

group (C=0) which present in levulinic acid requires harsh conditions.
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Table 11. Substrate study

Substrate Product % conversion

5 & -
5 &
“HE
9 O .
O O e

Reaction conditions for aqueous medium: Catalyst (5mg), styrene (10 mmol), H> pressure (5

bar), time (3 h), temperature (30 °C), EtOH: H>O (30: 20 mL).

Comparison with reported catalyst

The efficacy of the present catalyst was compared with the reported system for

styrene hydrogenation in terms of reaction conditions shown in table 12.

For styrene hydrogenation, Moores et al. [23] achieved 100% conversion at high
temperature and very high H» pressure (40 bar) compared to the present

system. Further, the same group reported 100% conversion using high
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temperature and high catalyst amount compared to the present system [44].
The hydrazine hydrated as a proton transfer agent was reported by
Nadagouda et al. for 98% conversion using moderate condition with a high
catalyst underwater medium [45]. Jones et al. achieved 100% conversion by
using deuterated benzene as a solvent at 23 °C and 24 h [46]. Further, the
calculated TON/ TOF also shows that the present catalyst is best amongst all

the reported systems.

Table 12. Comparison of styrene hydrogenation with reported systems

Fe Reducing Time Temp. % TON/
Catalyst Solvent
(mol %) agent (h) (°C)  Conversion  TOF
H> 20/
Fe CSNPs [5] 5 ethanol 24 80 100
(40 bar) 0.83
FeNP@PS-PEG- H» 2/
11.72 ethanol 6 100 44
NH: [30] (40 bar) 0.33
NH>NHo. 22/
Fe@g-C3N4 [31] 4.47 water 8 - 98
HO 2.75
(PNHPPr)Fe(H) deuterated H> 20/
5 24 23 100
(CO) [32] benzene (01 bar) 0.83
PMo1iFe ethanol: H: 5031/
0.02 3 30 99
(Present Work) water (05 bar) 1684

Page | 96



Chapter 1 Fe substituted...

CONCLUSION

e Cs5[PMo11039Fe(H20)].5H20 was synthesized by one-pot method and
characterized by various physicochemical techniques to confirm the Fe

incorporation into lacuna with retention of Keggin unit.

e The catalyst depicts the high efficiency towards styrene hydrogenation
(99 % conversion) at room temperature (30 °C) in aqueous medium

(EtOH: H20O) as a green solvent.

e Recycling and reusability studies show that the catalyst is sustainable

up to three catalytic cycles without significant loss in catalytic activity.

e Substrate study shows that the catalyst is highly viable towards
different types of substrates.

e The superiority of the present catalyst lies in terms of conversion, active
amount of Fe (0.02 mol%), mild reaction conditions and TON/TOF
(5081/1684).
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Abstract

In this article, first time we are reporting two steps synthesis of Fe exchanged phosphomolybdic acid supported on zirconia
(Fe-PMA/ZrO,) by incipient wet impregnation and ion exchange method. The obtained material was well characterized by
EDX mapping, ICP, FT-IR, Raman, *'P MAS NMR, ESR, XPS and powder XRD. The catalytic evaluation was explored
for cyclohexene hydrogenation at low temperature using water as a solvent. The obtained results demonstrate remarkable
efficiency of the synthesized material as a sustainable heterogeneous catalyst with very low amount of active species (Fe:
0.024 mol%), 90% conversion, high substrate/catalyst ratio (4157/1) as well as TON (3742) for 3 catalytic cycles. The present
synthetic approach is highly green as it does not involve use of any noble metal, with no waste generation (E-factor=0) as
well as high reaction mass efficiency (92.20%).
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As discussed in the general introduction, supported POMs have surpassing
advantages of heterogeneous catalyst over the traditional disadvantages of
POMs as homogeneous catalyst. Out of various supported POMs,
phosphomolybdic acid (PMoiz2) has gained more importance due to their

excellent redox properties.

Phosphomolybdic acid (PMo12) supported on various supports such as metal
oxide active carbon [1, 2], metal organic framework [3-5], Al2O3[6, 7], ionic liquid
[8-10], polymer [11], various silica based materials [12-15] and zirconia (ZrO2)
[16-20] have gained increasing attention for oxidation of alkene and alcohols
(styrene [7, 14, 15, 18-20], cis-cyclooctene [3, 11, 16] and benzyl alcohol [6, 14, 15,
20, 21]); hydrodesulphurization of thiophene [1, 10], dibenzothiophene [10],
thioanisole [1, 10] and simulated oil [4]; esterification of acetic acid with
hydroquinone [22], ethanol [12], n-butanol [17] and oleic acid with methanol [5];
dehydration of glycerol [23] and multicomponent synthesis of 2,4,5-
trisubstituted imidazoles [24], tetrahydrobenzo[a]xanthene-11-ones [2] and b-

acetamidoketones or esters [13].

As we mentioned in general introduction, PMo12 consist of two types of
structure, primary anion and secondary structure. It was thought to take an
advantage of modifying the secondary structure (available exchangeable
protons) of PMo12 with transition metal which can lead to enhancement in
catalytic activity. In this context, few reports are available on first row of
transition metals (Co [25, 26], Fe [27] and Cu [28-30]) exchanged supported
phosphomolybdic acid. However, above literature survey shows that only one
report is available on Fe-doped H3PMo01204 immobilized on covalent organic
frameworks (Fe/ PMA@COFs) for cyclooctene epoxidation with reported by Lou
group in 2019 [27].

Selective C=C hydrogenation is still challenging and fascinating to produce
precursors for several intermediates using earth copious transition metals on

industrial scale. Amongst, cyclohexene hydrogenation has gained significant

Page | 105



Chapter 2 Fe exchange...

importance as its hydrogenated product cyclohexane, is raw material for
synthesis of cyclohexanol, cyclohexanone, which are further used in
manufacturing of adipic acid and caprolactam, and moreover it is used as

nonpolar solvent [31].

In the present chapter, we are reporting the designing of Fe exchanged
phosphomolybdic acid supported on ZrO; and characterized thoroughly by
various physicochemical techniques such as TGA, EDX, FT-IR, Raman
spectroscopy, ESR, XPS, XRD and BET. Its catalytic efficiency was evaluated for
cyclohexene hydrogenation at low temperature in water as a universal green
solvent under mild conditions using molecular hydrogen as a reducing agent.
For maximum conversion influence of different parameters were studied such
as, catalyst amount, time, temperature, pressure and effect of solvents. Also, the
heterogeneity test, as well as catalytic activity of the recycled catalyst, were
performed under optimized conditions. The regenerated catalyst was
characterized by EDX, FT-IR, ESR and XPS to confirm the stability of the catalyst.
Green chemistry metrics were calculated and catalytic activity of the present

catalyst was also compared with reported iron-based catalysts.

EXPERIMENTAL
Materials

All chemicals used were of A. R. grade. Phosphomolybdic acid (HsPMo01204),
iron nitrate [(Fe(NOs3)3).9H20], zirconium oxychloride (ZrOCl. 8H.0), ammonia
(25% w/v), cyclohexene and dichloromethane (DCM) were obtained from

Merck and used as received.

Catalyst synthesis

Iron exchanged zirconia supported phosphomolybdic acid (Fe-PMo1z2/ZrOy)

was synthesized by following three steps.
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Step-1: Synthesis of Zirconia

Hydrous zirconia (ZrOz) was synthesized following the same method reported
by our group [7, 18]. Aqueous ammonia solution (12% w/v) was added to
aqueous solution of ZrOCl»8H2O (10% w/v) up to pH 8.5. The precipitates were
aged at 100 °C on the water bath for 1 h, filtered, washed with conductivity water
until a chloride free filtrate was obtained and dried at 100 °C for 10 h. The

obtained material was designated as ZrO; (Scheme 1).
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Scheme 1. Synthesis of hydrous zirconia

Step-2: Synthesis of phosphomolybdic acid supported on zirconia

30% phosphomolybdic acid supported on zirconia was synthesized by incipient
wet impregnation method as reported earlier [18]. 1 g ZrO, was impregnated
with an aqueous solution of PMo12 (0.3/30 g mL! of double distilled water) and
dried for 10 hours at 100 °C after evaporation of the water from the suspension.
The obtained light yellow colored material was designated as PMo12/ZrOz
(Scheme 2).
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Scheme 2. Synthesis of Fe-PMo1z/ZrO;

Step-3: Synthesis of Iron exchanged phosphomolybdic acid supported on zirconia

Iron exchanged phosphomolybdic acid supported on zirconia was synthesized

by exchanging the available protons of PMo12 with iron. 1 g PMo12/ZrO: was
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soaked in 25 mL 0.05 molar Fe(NOs); aqueous solution with interment stirring
for 24 hours. The solution was filtered, washed with distilled water to remove
excess iron and dried in air at room temperature. The obtained yellow colored

material was designated as Fe-PMo12/ZrOz (Scheme 3).
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Scheme 3. Synthesis of Fe-PMo1z/ ZrO»

Catalytic activity

The catalytic reaction was performed in the high-pressure autoclave reactor. It
was charged with 9.87 mmol of cyclohexene with 50 ml of water as a solvent and
25 mg of catalyst in the reactor vessel. The presence of air in the reactor vessel's
unfilled piece is removed by several times flushed with H» gas. Finally, 10 bar
H> pressure was applied for the reaction at 50 °C with a stirring rate of 500 rpm
for three hours. The continuous reduction of pressure within the vessel was used
to determine the progress of the reaction. After completion, the reaction mixture
was cooled to room temperature and then H> pressure was released from the
vent valve. The organic layer was extracted using dichloromethane, while the
catalyst was collected from the liquid phase junction and finally recovered
through centrifugation. The organic phase was dried with anhydrous
magnesium sulfate and analyzed by a gas chromatograph (Shimadzu-2014)
using a capillary column (RTX-5). The products were confirmed by comparison
with the standard samples while conversion, selectivity and TON were
calculated using equations given in general introduction. The catalytic

methodology is schematically illustrated in Scheme 4.
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Scheme 4. Schematic illustration of cyclohexene hydrogenation reaction

RESULTS AND DISCUSSION

Please note that, we have not synthesized Fe nanoparticles in the case of Fe-PMo12/ZrO2
because as mentioned in chapter 1 formation Fe nanoparticles requires harsh condition
such as high pressure, temperature and time. In these conditions, PMo12 gets reduced

with decomposing of Keggin unit.
Characterization

The volumetric analysis of iron shows the presence of 0.53 wt% of Fe in Fe-
PMo12/ZrO,. EDX mapping shows (Figure 1) presence of all the elements in the
synthesized catalyst. EDX value of Fe (0.54 wt%) and Mo (14.05 wt%) are in good
agreement with the theoretically calculated value of Fe (0.57 wt%) and Mo (14.14
wt%). Further, ICP-OES analysis also confirmed that the Fe (0.59%) and Mo
(14.19%) contents were present in synthesized material, which is good
agreement with calculated one. Here, the low amount of Fe, indicates that Fe is

exchanged only with the available protons of PMo12/ZrOs.
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Figure 1. EDX mapping of Fe-PMo1>/ZrO>

TGA curve of PMo12/ ZrOz shows (Figure 2) 5.3% weight loss up to 100 °C, which
is attributed to the loss of adsorbed water. Further, it shows 6.4% weight loss up
to 300 °C corresponding to the loss of crystalline water molecules present in
PMon2. After that, no further weight loss up to 500 °C indicates the stability of
PMo12/ ZrO,. TGA of Fe-PMo12/ ZrOz shows 9.3% weight loss up to 100 °C due
to the adsorbed water. No weight loss observed up to 500 °C indicating the
stability up to 500 °C.
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Figure 2. TGA curves of PMo12/ ZrO; and Fe-PMo1z/ ZrO»

The FT-IR spectra of ZrO;, PMoi, PMo12/ZrO> and Fe-PMo1z/ ZrO: are
displayed in figure 3. In the spectra of ZrO (Figure 3a), characteristic broad band
at 1631 and 1370 cm! were observed for H-O-H asymmetric stretching, and O-

Page | 110



Chapter 2 Fe exchange...

H-O bending vibrations respectively, and broadband at 700-400cm™ was
observed corresponding to Zr-O-H bending vibrations [19, 20, 31]. The FT-IR
spectrum of PMo12 shows all the (Figure 3b) characteristic bands at 1060 cm! (P-
Oa), 965 cm™1(M=0), 870 cm! (Mo-Op-Mo) and 790 cm™! (Mo-O.-Mo) [7, 18]. In
tigure 3c, PMo12/ ZrOz shows all characteristic bands of PMo12 at 1075 cm! (P-
Oa), 948 cm™1(M=0¢) and 887 cm! (Mo-Op-Mo) as well as ZrOz at 1620 cm™ H-O-
H, 1381 cm O-H-O and broadband at 700-600 cm! (Zr-O-H) [18]. Similarly, Fe-
PMo12/ ZrO; shows all the characteristic bands of PMo12/ ZrO> with minor shifts,
attributed to the change in the counter cation environment of PMo1. An
additional band of Fe-O stretching has appeared at 509 cm which confirms that

only iron is exchanged with the proton of PMo1z.
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Figure 3. FT-IR spectra of (a) ZrO», (b) PMox1y, (c) PMo12/ZrO; and (d) Fe-PMoia/ ZrO»
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Table 1. Raman Data of ZrO,, PMo12, PMo12/ ZrO; and Fe-PMo1z/ ZrO»

Catalyst Mo=0: Mo-Op-Mo  Mo-O-Mo Mo-O. O-Zr-O
ZrOs - - - - 187, 345
vs1005,
PMOlZ Vas 916 Vas 620 Vas 251 -
Vas 987
Vs 969,
PMOlZ/ ZrOZ Vas 920 Vas 625 Vas 212 -
Vas 944
Fe- vs 947,
Vas 896 Vas 603 Vas 225 -

PMo12/ ZrO; Vas 937

The Raman data of ZrO», PMo12, PMo12/ ZrO; and Fe- PMo12/ ZrO; are shown in
table 1 and figure 4. ZrO» (Figure 4a) shows two broad bands at 187 and 345 cm-
1 which are associated with its hydrated amorphous state [32, 33]. The Raman
spectra of PMo12 (Figure 4b) show bands at 1005 and 987 cm! corresponding to
symmetric and asymmetric vibration of Mo=0O: respectively. Other observed
bands at 916, 620 and 251 cm! corresponds to asymmetric vibrations of corner-
sharing Mo-Op-Mo, edge-sharing Mo-O-Mo and Mo-O,-P stretching
respectively [34]. PMo12/ ZrOz (Figure 4c) show all characteristic bands of PMo12
with shifting at 969, 944, 920, 625 and 212 cm™! corresponding to vs Mo=0Oy, Vas
Mo=0¢, Vas Mo-Op-Mo, vasMo-Oc-Mo and vasMo-Oa-P respectively [34]. The
significant shift may be due to the interaction between PMoi2 and ZrO..
Similarly, from the Raman data, after exchanging the counter proton with Fe (Fe-
PMo12/ZrO») shows the presence of all characteristic bands of PMo12/ZrO: with
the shift at 949, 937, 896, 603 and 235 cm-! corresponding to vs Mo=0y, vas Mo=0y,
Vas Mo-Op-Mo, vVasM0-Oc-Mo and vasMo-O.-P respectively. The observed shifting
may be due to the exchange of available protons of PMo12/ZrO; by Fe.
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Figure 4. Raman spectra of (a) ZrO,, (b) PMox1, (c) PMo12/ZrO; and (d) Fe-PMoi2/ ZrO»

31IP MAS NMR of PMo1;, PMoi2/ZrO; and Fe-PMoi2/ZrO; was carried to
understand the chemical environment surrounding the central phosphorus of
PMoz12. 3P MAS NMR of PMo2 (Figure 5a) shows a peak at -3.8 ppm which is in
good agreement with the reported one [35, 36]. While in case of PMo12/ ZrO,, the
peak was obtained at -4.1 ppm (Figure 5b), the observed shift may be due to the
strong interaction between PMo12 and ZrO,. Whereas in Fe-PMo12/ZrOs, the
peak was obtained at -5.13 (Figure 5b), the observed significant upfield shift may
be due to the exchange of Fe with available counter protons and similar effect
was also observed for Pt-Exchanged PMo12 supported on activated carbon [37,
38]. Also, it is important to note that Fe gets exchanged with the outer proton
only and does not go into the lacuna. If it would have been inside the lacuna, it

should not show any NMR peak [36].
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Figure 5. 3P MAS NMR of (a) PMox1y, (b) PMo12/ZrO; and (c) Fe-PMo12/ZrOs

Figure 6a shows the full range (5000-2500 G) X-band liquid nitrogen
temperature ESR spectrum for Fe-PMoi2/ZrOs. It gave a single isotropic
hyperfine spectrum at g= 4.3 for Fe in +3 states with distorted octahedral
geometry and it incorporated with phosphomolybdate in high-spine (3+ state)
[36]. The presence of Fe3*, which is further confirmed by XPS.
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Figure 6. ESR spectrum of Fe-PMo1>/ZrO»
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XPS of Fe-PMo12/ZrO, shows (Figure 7) the binding energy peak at 724 eV
corresponding to Fe2p1,2 energy level, confirming the presence of Fe3* [27, 39].
Similarly, the binding energy level for Mo®* was observed as two doublet i) at
233 and 235 eV corresponding to 3ds/2 and 3ds/2 energy levels ii) at 397 and 416
eV respectively for 3ps/2 and 3p1/2 energy level [34]. Two additional intense
peaks at binding energy 331 eV and 345 eV are attributed to Zr3ps,2 and Zr3p1,2
[31, 33]. Also, a highly intense binding energy peak at 532 eV attributed to Ols
for oxygen present in PMo12 as well as ZrOz. This XPS confirms the presence of

Mo¢*, Fe3* and Zr#* in the synthesized catalyst.
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Figure 7. XPS of Fe-PMo1»/ ZrO;

The BET surface areas of ZrO», PMo12/ ZrO; and Fe- PMo12/ ZrO> were shown in
tigure 8. The BET surface area of ZrO; is 146 m? g1 [32, 33] whereas the surface
area of PMo12/ZrO; is 204 m? g-1, which is significantly higher as compared to
support ZrOz because of the strong interaction between PMo12 and support [7].
However, the surface area of Fe-PMo12/ZrO; was found to be 208 m? g1, this
may be due to the exchange of Fe with available protons of PMo12. The nitrogen
adsorption-desorption isotherms of PMo12/ ZrOz and Fe- PMo12/ ZrO; are almost

similar (Figure 8), confirms that there is no change in the basic structure.
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Figure 8. N> adsorption desorption isotherm of ZrO,, PMo12/ZrO; and Fe-PMo1z/ ZrO»

The powder XRD of ZrO,, PMo12, PMo12/ZrO2 and Fe-PMo12/ZrO; are shown

in figure 9. The powder XRD of ZrO; shows amorphous nature of support. PMo12

shows all characteristic peaks in the range of 159 to 35%0f 20 [7] . The XRD pattern

of PMoi12/ZrO2 does not show the characteristics peak of PMoi;, which

suggested that the PMo12 is highly dispersed in a non-crystalline form on the

support (ZrO) [34]. The XRD pattern of Fe-PMo12/ZrO> is quite similar to

PMo12/ZrO,, indicating that Fe highly is depressed on non-crystalline

PMo12/ Z1Os.
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Figure 9. Powder XRD of (a) ZrO,, (b) PMo1y, (c) PMo12/ZrO: and (d) Fe-PMo12/ ZrO»
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HAADF-STEM images of Fe-PMo12/ZrO; (Figure 10) also confirm the

homogeneous dispersion of Fe over the PMo12/ZrOs.

Figure 10. (a) HAADF STEM and (b-f) EDX images of Fe-PMo1z/ ZrO;

In summary, from FT-IR, Raman and 3P NMR spectra it is seen that PMo12
structure is retained even after supporting on support and exchange of Fe. From
ESR and XPS confirmed that the Fe and Mo present in a +3 state and 6+
respectively. BET, XRD and HAADF-STEM showed that iron highly dispersed
on the surface of PMo12/ZrOo.

Catalytic activity

The catalytic activity of the synthesized catalyst was evaluated towards the
hydrogenation of cyclohexene (Scheme 4). To optimize the conditions for
maximum conversion, the effect of different reaction parameters such as catalyst

amount, temperature, pressure, time and solvent were studied.

The obtained results for the effect of solvent on conversion show (Table 2) low
conversion (29%) with acetonitrile which may be due to its oxidizing nature, and
resistance to cyclohexene reduction. The catalyst was found to be moderately
active in the presence of protic solvent such as ethanol and methanol due to its

reducing nature. However, the catalyst was surprising found to be highly active
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in the case of water as solvent (i.e., 90%), due to its hydrophobic nature and on
water effects. Therefore, water was chosen as a solvent to carry out further
studies.

Table 2. Effect of solvent

Solvent(ml)  %Conversion  %Selectivity

Acetonitrile 29 100
EtOH 56 100
MeOH 76 100
Water 90 100

Reaction conditions: Catalyst (25 mg), cyclohexene (9.87 mmol), solvent (50 mL), H> pressure (10
bar), temperature (50 °C).

The effect of catalyst amount was investigated by varying the amounts from 5 to
30 mg, as shown in figure 11a. Initially, an increase in catalyst amount up to 25
mg also increases % conversion. The obtained result can be attributed to an
increase in active sites i.e., Fe within catalyst amount. Moreover, further increase
in catalyst amount (>25 mg) did not show a significant change in conversion due
to blocking of the active sites. Therefore, 25 mg catalyst amount is optimized for

maximum conversion (90%).

The effect of hydrogen pressure was also screened between 5 and 10 bar (Figure
11b). The obtained result shows that the %conversion of cyclohexane also
increased linearly with increase in Hz pressure from 5 bar to 10 bar. This suggests
that the rate of reaction is also dependent on H> pressure. H> pressure of 10 bar

is optimized for the optimum rate of reaction.

Effect of time on reaction conversion was screened between 1 to 6 h (Figure 11c).
The obtained result shows that with an increase in time, % conversion also
increases up to 2h which is in good agreement with the well-known fact that the
formation of reactive intermediates from reactants increases with an increase in

time and convert to product. With further prolonging the reaction up to 6h, no
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significant change in conversion was observed. Therefore, 2 h reaction time was

optimized for 90 % conversion.
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Figure 11. Optimization of reaction parameters for cyclohexene hydrogenation. Reaction
conditions: (a) Effect of catalyst amount- Cyclohexene (9.87 mmol), HO (50 mL), H> pressure (10
bar), Time (2 h), temperature (50 °C); (b) Effect of H» pressure- Catalyst (25 mg), cyclohexene
(9.87 mmol), HO (50 mL), time (2 h), temperature (80 °C); (c) Effect of time- Catalyst (25 mg),
cyclohexene (9.87 mmol), H O (50 mL), H> pressure (10 bar), temperature (50 °C); (d) Effect of
temperature: Catalyst (25 mg), cyclohexene (9.87 mmol), H>O (50 mL), H> pressure (10 bar), time
(2h).

The influence of reaction temperature was studied in the range of 30 °C to 70 °C
with an interval of 10 °C. Obtained result (Figure 11d) shows that % conversion
increased from 30 °C to 50 °C. However, further increase in temperature shows

a gradual decrease in % conversion, this may be due to the progress of the

reversible process. Maximum 90% conversion was achieved at 50 °C.

The optimized conditions for the maximum % conversion (90) with 3742 TON

is: catalyst amount (25 mg; Fe: 0.024 mol%), cyclohexene (9.87 mmol), H20O (50
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mL), H> pressure (10 bar), time (2 h) and temperature (50 °C), and
Substrate/ Catalyst ratio (4157/1).

The gas chromatograph of optimized reaction condition for cyclohexene

hydrogenation are shown in figure 12.

9 File Edit View Method Layout Tools Window Help

&|a|e| | oo FE 2 o|G| B [’ eie|ie] o] 45
B Chromatogram
u¥(x10,000) Max Intensity : 3,011,718
7 5] Chromatogram Time Trten. ﬂ
5.0+ J
2.5 L
I
e + ‘af\" %
T T T T T T T T T T T T T T N
05 1.0 15 20 25 30 35 40 45 5.0 55 6.0 65 7.0 75 min
10 0u\t‘(x1 0,000) _ Max Intensity : 3,011,718
Chromatogram Cy Cl Oh exane Time 5682 Inten. 74492 j
7.5+
5.0+ J
Cyclohexene
25+ ‘
0.0 . 1 j\dr %
10 15 20 25 30 35 40 45 50 55 min
J< _ il
EI Results - Peak Table
Peak Table I Compound | Group | Calibration Curve |
Peak#f | RetTime | Area | Height | Conc. | Units | Mark | Compound ID# | Compound Name|
il 3839 1853188 857935 8972593
2 4116 21220.0 9024.7|  10.27407

Figure 12. Gas chromatograph of cyclohexene hydrogenation

Control experiment

The result of the control experiment with ZrO», PMo12/ ZrO», Fe(NOs)s, Fe/ ZrO»
and Fe-PMo12/ZrO, was performed under optimized conditions and the
obtained results are shown in table 3. There was no product formation with ZrO»
and PMo12/ZrO; because they are inactive, which indicates that Fe is only the
responsible real active species for the said reaction conversion. It is interesting
to note that there was quite a large difference in % conversion for Fe(NOs)3
(Homogeneous), Fe/ZrO» (Heterogeneous) and Fe-PMo12/ZrOz

(Heterogeneous) were observed. This may be due to the fact that during the
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reaction, Fe(NOs3)s sticks to the sidewalls of the reaction vessel (Figure 13) and
therefore the conversion was lower. While, in Fe/ZrO, and Fe-PMo12/ZrO; the
catalyst moves freely during the reaction and does not stick to the vessel, giving

78% and 90% conversion respectively.

Table 3. Control experiment

Catalyst %Conversion %Selectivity
aZ10; - -
bPMo12/ZrOz - -
Fe(NOs3) 39 100
dFe/ZrOz 78 100
dFe-PMo12/ ZrOz 90 100

Reaction conditions: catalyst (°19 mg, "24.8 mg, <1.32 mg and 925 mg; Fe: 0.024 mol%),
cyclohexene (9.87 mmol), H>O (50 mL), H> pressure (10 bar), time (2 h) and temperature (50 °C).

Sticks on side walls

Fe(NO,)s Fe-PMA/ZrO,

Figure 13. Reaction vessel image after completion of the reaction

Hot filtration and heterogeneity test

The strength of the catalyst during the reaction is highly essential, as it would
decrease the attractiveness of the catalyst if the active species are leached out. To
check heterogeneity of Fe-PMo12/ZrO: and Fe/ZrO,, hot filtration test was
carried out, in which the reaction was performed under optimized conditions
for one hour, then the catalyst was removed, and the reaction was continued for

2h using the filtrate. The resulting reaction mixture was extracted with
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dichloromethane and analyzed by gas chromatography. The obtained result for
Fe-PMo12/ZrO, shows (Table 4) no significant change in the % conversion,
which indicates that there was no leaching of iron during the reaction and the
catalyst is truly heterogeneous. Whereas in case of Fe/ZrO: significant change
in the % conversion was observed, which indicates the presence of active spices
in the reaction, showing that there was leaching of iron during the reaction and
the catalyst is not truly heterogeneous. Further, it confirms that PMo12 stabilize
Fe. To confirm that there is no leaching of iron and heterogeneity of Fe-
PMo12/ ZrO», the regenerated catalyst was characterized by EDX (Figure 10) and
reaction mixture by atomic absorption spectroscopy (AAS). No loss in Fe content
(0.55 wt%) confirms the true heterogeneous nature of the catalyst, which is also

reflected in the recycling study.

Table 4. Hot filtration test

Catalyst % Conversion

52 (after one hour)
aFe-PMo12/ ZrO>
after two hour)

53 (

46 (after one hour)
bFe /ZrO; (
51

after two hour)

Reaction conditions: Catalyst (25 mg; #*Fe: 0.024 mol%), cyclohexene (9.87 mmol), HO (50 mL),

)
Ho pressure (10 bar), time (2 h) and temperature (50 °C)

Regeneration and recycling studies

The recovery and recyclability of the catalyst is a key issue for the sustainability
of any catalytic process. After completion of the reaction, the organic layer was
extracted by dichloromethane and the catalyst was regenerated through simply
centrifuging, washed with dichloromethane followed by water and then air-dry
and finally used for the next cycle. The regenerated catalyst is used for the next
cycle under optimized conditions and obtained results (Table 5) did not show

any change in % conversion up to three cycles, which indicating that catalyst was
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stable, truly heterogeneous, can be regenerated and reused for further catalytic

runs also.
Table 5. Recycling studies
Catalyst % Conversion TON number
Fresh catalyst 90 3742
Recycled-1 89 3742
Recycled-2 89 3742
Recycled-3 88 3741

Reaction conditions: Catalyst (25 mg), cyclohexene (9.87 mmol), H>O (50 mL), H> pressure (10
bar), time (2 h) and temperature (50 °C)

Characterization of regenerated catalyst

To check retention of the regenerated catalyst Fe-PMo12/ZrO; structure EDX,
ICP, FT-IR, ESR and XPS analyses were performed.

EDX mapping (Figure 14) confirmed the presence of all elements. EDX value of
Fe(0.55 wt%) and Mo (14.15 wt%) as well as ICP value of Fe (0.59%) and Mo
(14.19%) of regenerated Fe-PMo12/ZrO; are in good agreement with the fresh
one, indicating that there was no leaching of Fe during the reaction and

regeneration of the catalyst.
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Figure 14. EDX mapping of regenerated Fe-PMo12/ ZrO;

The FT-IR spectrum of fresh Fe-PMo12/ZrO; and regenerated Fe-PMo12/ZrO;
are (Figure 15) almost identical, without any significant shift in the bands. This

indicates that the structure of the catalyst remains unchanged even after
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regeneration. However, in terms of intensity, the spectrum is slightly different
from the fresh one. This could be due to the sticking of the substrates on the

surface of the catalyst, although it does not affect the reusability of the catalyst.
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Figure 15. FI-IR spectra of (a) fresh Fe-PMo12/ZrO» and (b) regenerated -Fe-PMo12/ZrO»

ESR spectra of regenerated Fe-PMo12/ZrO; gives a single hyperfine spectrum
(Figure 16) with an isotropic signal at g=4.3, which is identical with fresh
catalyst. Obtained result confirmed that Fe is present in a +3 state and remains

intact even after regeneration.
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Figure 16. ESR spectra of regenerated Fe-PMo12/ ZrO;
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XPS spectrum of regenerated Fe-PMo12/ZrO; (Figure 17) shows all identical
peaks as that of fresh Fe-PMoi2/ZrOs. This further confirmed that during
hydrogenation reaction as well as regeneration of catalyst Fe and Mo does not

get reduced or leached out of the catalyst.
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=
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Figure 17. XPS spectra of regenerated Fe-PMo12/ ZrO;

Mechanistic investigation

Based on the results (Table 6), we are proposing the same well-known hydride
transferred mechanism in the present work (Scheme 5). As seen in the control
experiment (Table 4), Fe is the only active species where molecular hydrogen
initially gets adsorbed onto the Fe surface to form Fe-H. This formed species
subsequently transfers the hydrogen to the unsaturated bond of adsorbed

cyclohexene over the surface of Fe to form the product cyclohexane.
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H, adsorption

i\.a’; -
D

<;> O Fe H, dissociation

Hydrogenation
of Cyclohexene

Cyclohexene
adsorption

Scheme 5. Probable reaction mechanism for cyclohexene hydrogenation

Viability of the catalyst

To see the viability of the existing catalyst, hydrogenation of various substrates
over Fe-PMoi12/ZrO> was carried out under optimized conditions and the
obtained results are shown in table 6. The catalyst shows appreciable reactivity
towards aromatic, cyclic alkenes as well as nitro group (-NO.) with a good
conversion rate. However, the observed low % conversion for the non-planar
cyclic alkene may be due to the difficulties to approach the catalytic site due to
steric hindrance during the reaction. Moreover, the catalyst was found to be
active for selective hydrogenation of the C=C bond without affecting the C=0
bond when simultaneously present in the substrates. In other variation
hydrogenation of levulinic acid gave 0% of conversion. As mentioned in chapter

1, it requires harsh reaction conditions.
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Table 6. Substrate study

Substrate Product % Conversion

JEE
o O
O O o«
s & -

NO

N
r
I

I\

81

¢
S & e

i O
O
0

Reaction conditions: Catalyst (25 mg; 0.024 mol%), substrate (9.87 mmol), HoO (50 mL), H»
pressure (10 bar), time (2 h) and temperature (50 °C).
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Comparison with reported catalysts

The catalytic activity of the present catalyst is compared with reported catalysts
(Table 7). There are no reports for complete optimization of cyclohexene
hydrogenation by Fe catalyst, comparison was carried out with reported Fe
based catalyst where hydrogenation of cyclohexene was mentioned only in
substrate study. Johannes et al. (Entry 1 & 2) reported in THF solvent with 5
mol% of catalyst at 1bar and 20 bar giving the same conversion (22% at r.t. and
100% at 100 °C). While Breit et al. (Entry 3) has reported 74 % conversion with 0.9
mol% of Fe catalyst in almost similar reaction condition reported by Johannes et
al. whereas, Chaudret et al. achieved high conversion (99%) using mesitylene as
a solvent with very high pressure of H> (20 bar) and time (20 h) compared to the
present catalytic system. As seen in table 6, the advantage of the present catalyst
lies in giving excellent conversion (90%) with lower 0.024 mol% of Fe as well as
lower reaction time and temperature. Also, it is important to note that the
catalyst shows remarkable reactivity in terms of TON number in water as a green

solvent compared to all the other reported catalysts.

Table 7. Comparison with reported catalyst

H>
Fe Temp. Time %
Entry Catalyst Solvent  pressure TON
(mol%) °C)  (h) Conversion
(bar)
(rt./
1 Fe-NPs [40] 5 THF 1 15 22/100 20
100)
FeCls/EtMgCl (r.t./
2 5 THF 20 18 22/100 20
[41] 100)
FeNP/CDG
THF 20 100 24 74 111
[42]
Iron(0)-NPs
4 0.25  Mesitylene 20 r.t. 20 >99 42
[43]
5 Present work  0.024 Water 10 50 2 90 3742

Page | 128



Chapter 2 Fe exchange...

CONCLUSION

e Fe-PMo1y/ZrO; was designed via two steps wet-impregnation as well as
ion-exchanged method and characterized by various physicochemical
techniques.

e The obtained results depict that very small amount of active species
(0.024 mol% Fe) is sufficient for hydrogenation to achieve high
conversion (90 %) and TON (3742) using water as a green solvent.

o The catalyst was recycled and reused up to three catalytic cycles without
significant change in activity, leaching or degradation. It was further
confirmed by the characterization of recycled catalyst.

e The designed catalyst is extremely viable towards various substrates.
Comparison with reported catalysts shows that the present one is
superior in terms of conversion, active amount of Fe, reaction conditions

and TON.
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Comparison study of PMo11Fe and Fe-PMo15/ZrO>

To understand the relation between structural diversity of designed catalysts
and its activity, hydrogenation of styrene and cyclohexene were carried out
under identical experimental conditions: (i) aqueous medium, 5 bar H> pressure
for 3h at 30 °C, (ii) neat water, 5 bar H> pressure for 3h at 30 °C and (iii) neat
water at 10 bar H pressure for 2h at 50 °C, and the obtained results are shown

in table 8, 9 and 10 respectively.

Table 8. Effect of Fe position in aqueous medium reaction at 5 bar H> pressure

% Conversion

Catalyst Solvent
Styrene  Cyclohexene
PMo11Fe EtOH: H,O 99 61
Fe-PMo12/ZrO; (aqueous medium) 97 73

Reaction conditions for aqueous medium: Active amount of Fe (0.020 mol%), substrate (9.87

mmol), EtOH: H>O (30: 20 mL), H; pressure (5 bar), time (3 h) and temperature (30 °C).

Table 9. Effect of Fe position in neat water reaction at 5 bar H> pressure

% Conversion

Catalyst Solvent
Styrene  Cyclohexene
PMoz1:Fe 27 18
Neat H2O
Fe-PMo12/ZrO2 29 24

Reaction conditions for neat HO: Active amount of Fe (0.024mol%), substrate (9.87 mmol), H>O

(50 mL), H» pressure (5 bar), time (2 h) and temperature (30 °C).

Table 10. Effect of Fe position in neat water reaction at 10 bar H> pressure

% Conversion

Catalyst Solvent
Styrene  Cyclohexene
PMo11Fe 83 76
Neat H,O
Fe-PMo12/ZrO; 98 90

Reaction conditions for neat H>O: Active amount of Fe (0.024 mol %), substrate (9.87 mmol), H O

(50 mL), H> pressure (10 bar), time (2 h) and temperature (50 °C).
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From the table 8, 9 and 10, it is seen that the designed Fe-PMo12/ZrO; is more
active for both styrene and cyclohexene hydrogenation as compared to PMoz1Fe.
It can be explained on the basis of the nature of the substrate as well as the way
it gets adsorbed on the catalytic active site. In other words, the structural
diversity of substrate as well as position of catalytic active site in the catalyst play

important role for the same.

It is well known that in heterogeneously catalyzed hydrogenation reactions,
initially there is formation of metal hydride by dissociation of Ha. After that, the
unsaturated reactant atoms coordinatively get adsorb on the formed metal
hydride species. This activated species undergoes surface type reaction to
produce reduced products, which subsequently gets desorbed from the catalyst

surface.

As shown in figure 18, styrene consists of an allylic C=C bond while cyclohexene
consist of cyclic C=C. In case of PMo11Fe, it is easy for allylic C=C present in
styrene to approach the active catalytic site of Fe (Fe-H) present in the lacuna. At
the same time, it is difficult for the cyclic C=C present in cyclohexene to approach
the active catalytic site of Fe present in the lacuna due to structural diversity of
cyclohexene. However, in case of Fe-PMo12/ ZrO,, Fe is present as counter cation
position, and therefore it becomes easier for both allylic and cyclic C=C present
in styrene and cyclohexene respectively to approach Fe (Fe-H). Due to these

reasons, Fe-PMo12/ZrO; is a better catalyst for cyclohexene hydrogenation.
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(a) Styrene

(c) PMo,,Fe

Allylic C=C
(b) Cyclohexene (d) Fe-PMo,,/ZrO,
. ®
o (o
Cyclic C=C ~
yclic ‘)%
I
| zr0, |

Figure 18. structure diversity of (a) styrene and (b) cyclohexene (c) PMoiFe and (d) Fe-

PMO12 / ZI‘Oz

Solvent also plays a crucial role for progress of the reaction. From table 8 and 9,

it is seen that when the solvent is changed, the rate of reaction progress also

changes because the solubility of the reactant is decreased which confirms that

solvent plays an important role. In case of neat water (Table 9 and 10), Fe-

PMo12/ZrO, show high %conversion as compared to PMoiiFe, in both the

reaction conditions. The obtained result show high %conversion at 10 bar H»

pressure at 50 °C as compared to reaction carried out using 5 bar Ha pressure at

30 °C because at high temperature and pressure solubility of reactant is increased

in water.
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